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Notch signaling in tlie nervous system. 
Pieces still missing from the puzzle 



Nicholas E. Baker 



Summary 

Notch ha« been known for many years as a receptor for 
inhibitory signals that shapes the pattern of the nervous 
system during its development. Genes in the Notch 
pathway function to prevent neural determination so 
that only a subset of the available ectodermal cells 
become neural precursors. The localization of Notch 
sisnalmg is crucial for determining where neural 
precursor cells arise on a cell-by-cell basis. The 
unresolved problem is that studies of the expression 
of Notch protein and its tigands are inconsistent with the 
pattern of neurogenesis- During neural cell fate speci- 
fication, distributions of Notch protein and of its ligand 
Delta appear uniform. Under the reigning paradigm, 
such widespread expression should lead to N signal 
transduction in all cells and thereby prevent any neural 
specification. Yet, contrary to this expectation, neural 
elements still form, in characteristic patterns, hence, 
Notch signal transduction must have been inactive in 
the precursor cells. The mechanism preventing Notch 
signaling in certain cells must be posttranslational but it 
has not yet been identified. This review will outline the 
experimental evidence supporting this view of Notch 
signaling, and briefly evaluate some of the possible 
mechanisms that have been suggested. BioBssays 
22:264-273, 2000, © 2000 John Wiley & Sons, Inc. 

Introduction- 

In both vertebrates and invertebrates, neural precursor cells 
are specified from ectodermal tissues by virtue of bHLH 
regulatory genes. The proneural bHLH ^enes include three 
rnembers of the Drosophila Achaete Scute gene Complex 
(achaete, scute, and tethat of scute), the unlinked Drosophila 
gene atonaf, and their many homologs in other species/'** 
Proneural gene expression defines domains where cells 
have the potential to differentiate as neural precursor cells. In 
normal development only some of the cells withtn these 
clusters progress to become neural precursor cells by 
expressing neural precursor genes (Fig. 1). Some neural 
precursor genes are also bHLH proteins such as asease 
from Drosophlla, or neuroD from XenopusS'^'^^ Preventing 
most of the proneural cells from differentiating into neural 
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cells is the role of receptor proteins of the Notch family. N 
signaling turns off proneural bHLH gene expression. Where 
this occurs, cells remain ectodermal and do not progress to 
ne,ural specification. Neural patterning, therefore, depends 
on two opposing forces, the proneural bHLH genes driving 
neural determination, and Notch signaling opposing them in 
some cells, since neural precursor cells often arise inter- 
mingled with ectodermal cells, there must be a fine-scale 
pattern of N signaling on a cell-by-celt basis*^> (Fig.,1). 

The N gene family encodes large transmembrane 
proteins with complex intracellular and extracellular domains. 
Their Itgands are transmembrane proteins expressed on 
neighboring cells such as Delta. Recent studies suggest that 
Delta can also be cleaved to release its extracellular domain, 
which may potentially function in secreted form,^*®^- Many 
genes in the Notch pathway have been identified from 
genetic studies. Furthermore, similar pathways operate 
during insect and vertebrate neural development^ as well 
as in the nematode C. elegans. Figure 2 summarizes what is 
known about the interaction of N with its ligands and how a 
signal transduction cascade is activated through proteolytic 
cleavage of the N protein/^'*^* Cleavage releases the N 
intracellular domain to enter the nucleus and act as a 
coactivator for the Sti(H) protein, activating transcription of 
genes regulated by Su(H)-binding sites.*''^* Chief amongst 
these targets are seven bHLH proteins encoded by the E(spl) 
gene complex. '""^^^^ In vertebrates, HES proteins are homo- 
logous to E(spl) bHLH proteins. E(spl) bHLH proteins and 
HES proteins are repressors that inhibit transcription of pro- 
neural bHLH genes/"'^^ They probably inhibit proneural gene 
function posttranslationally as well/^^^"*^^ In addition, E(spl) 
gene transcripts may have the potential to form RNA:i=^NA 
duplexes with proneural gone transcripts^ although the 
functional significance of this is not yet known.*2°> 

If the developmental pattern of neural precursor cells 
reflects a pattern of cells where N signal transduction 
remains inactive, how might this pattern arise? One possible 
mechanism is differential expression of Notch protein and its 
ligands (Fig. 3A), Cells lacking N protein could not ]r\hlbit . 
their proneural genes. $nd cells locking ligands could not 
activate N In their neighbors, so that an appropriate 
expression pattern of N and Dl would lead to an intermingled 
arrangement of cells where N signal transduction was active 
or Inactive^ hence to selection of particular proneural cells to 
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Figure 1, Three stages Jn the deveiop- 
mem of a proneura! region. Shading 
Indicates the levQl of proneural gene 
expression. A, Proneural regions of the 
ectoderm ara defined by expression^ of 
proneural bHLH transcription factors. Pro- 
nei^al gene expression begins. In all ..ttie , 
cells in response to propatterns*- ■ The 
prepatterns may have a cUstinct basis in 
each proneyal region. B. Although pro- 
neural genes can be sufficient to define 
neural precursor cells, thoir expression is 
fostlfrom many cells and rnaintained only 

in some. Maintenance usually depends on r> r- *,.*tu. r«,?.jt^*-.fr. 

proneural gene autoregulation, and typlcany occurs in cells that are not adjacani to one another. C ^ ™^ 

proneural gana expression are defined as neural precursor cells, whereas cells that lose prt-neural gene express-on ^^^^^f^^^'^^J^; 
Tn neurogenic mutants such as Notch or Delta, all the proneural cells retain proneural gene express|on and become neura^^precu^S^^ 
cells -merefore neurogenic genes must be required to inhibit proneural gene expression In most of the cells. It has been Inferred rom 
the spacing of neural precursor cells that these are the source of signals that inhibit proneural gene exptQssian n non-neural cells. 
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become neural precursor cells (Fig, 3A). Such regulated 
expression occurs in the C, ef&gans gonad/^''^ Although not 
a neural tissue, cell fate specification in this two-cell 
equivalence group depends on a Notch homolog encoded 
by the lrn-12gene, which Is activated by the llgand encoded 
by This system has served as a simple mode! for N 
functiot^ in neural tissues.^^^ Indeed, some regions of the 
vertebrate nervous system may similarly utilize complemen- 
tary expression of N and its ligands/^^^ in this situation^ N 
would be activated in proneural cells that express this 
receptor, whereas other cells would serve primarily as a 
source of the ligand- This could explain how certain cells 
undergo neural specification but not others. 

One attractive feature of this model is its potential to 
explain the origin of intermingied patterns of neurogenesis. 
Since Liln-12-mediated signal transduction inhibits lBg-2 
transcriiiition and promotes transcription, it is antici- 

pated that neighboring cells will compete to express one 
gene or the Other so that one becomes exclusively receptor- 
expressing and the other exclusively iigand-expressing.^^''^ 
Similar regulation of N and Dl transcription during neural 
specification might spontaneously lead to intermingled 
neural and non-neural cells, 

Nevertheless, it has become increasingly difficult to 
consider! the C. elegans gonad as a universal model for 
neural patterning, as study after study finds uniform N and Dl 
expression during neural specification in Drosophifa tissues. 
The attefnative is that in these tissues, N signaling must be 
prevented posttranslationaily in ceils where neural fate 
specification occurs. This essay reviews the evidence 
leading to this conclusion, and discusses some pathways 
that have emerged as candidates to regulate N signaling. 
How the putative post-translational regulation might be 



targeted to certain Cells to produce intermingled patterns of 
neurogenesis will receive little attention in this review, 
althougfi this question Is clearly related to that of the 
molecular nature of the regulation itself. 

Expression of Notch and Delta 

Our starting point is that, in Drosophiia, N and Dl appear to 
be evenly expressed in proneural regions (Fig. 4A,B), 
reflected in both RNA and protein dtstribut'ions.^^'^^ Although 
dynamic changes rn single cells might be hard to observe, 
some of the studies reporting these results have quite 
carefully sought single cell resolution. Particularly well 
studied are the neuroblasts of the embryonic central nervous 
system/^^'^ the sensory organ precursor cells for the adult 
bristle organs/®®^ and the RS photoreceptor neurons of the 
developing retina.^^®^ The evidence shows that N and Dl 
proteins are actually widely and relatively uniformly ex- 
pressed throughout proneural regions during Dro^ophita 
neurogenesis. For vertebrate neurogenesis, the picture 
awaits full description of the expression patterns of all the 
N and ligand proteins. 

In addition to descriptive studies, other approaches have 
tested the importance of N and Dl expression levels 
experimentally. In one study of embryonic neurogenesis, 
Seugnet et aL*^^ replaced either endogenous N expression 
or endogenous pi expression with Gal4-dependent trans- 
genes whose transcription was coritroUed by Gai4. expressed 
from other promoters. Neurogenesis proceeded relatively 
normally in such Drosophiia embryos, suggesting that the 
precise pattern of N or Dl expression is not critical to the 
pattern of neural precursor ceil specification Another 
study tested the role of differing N expression levels during 
neural determination in the Drosophiia eye.*^^* Genetic 
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FEflure 2. Notch signal transduction. The receptor protem N 
is acli^/ated by ligands such DI. At the wing margin, 
activation by Dl is promoted by the putative glycosyltransfer- 
ase Fringe. Ligand blndinS leads to recaptor F^^^^^f^^^P. 
unknown mechanism that depends on presenmns. > The N 
intracellular domain enters the nucleus and complexes with 
the DNA-binding protein Su(H). This complex ^^i^sies 
transcription of target genes including seven imked bHLH 
protein encoded by the E(spl) Gene <^^"^Pf^- ^<^P^> "^^^"^ 
proteins are themselves DNA binding proteins that recruit the 
corepressor protein groucho to proneural gene promoters to 
silence them. Here the <^ampie shown Is of atonal, the 
proneural gene for chrotonal organs and photoreceptor ceils, 
unless repressed by Notch signaling, atonal would proceed to . 
activate target genes, one of which encodes the secreted 
protein scabrous, and to direct neural fate spacmcation. ; , . . 



mosaics were studied in which, acfiacent^ceU^^Miffer^:^ 
in the dosage for the endogenous N gene, or could be made;, 
to differ in N activity through the use of a temperature- 
sensitive allele, in the eye. neither different N gene doses nor 
different temperature-sensitivities of Notch protein function 
affected which cells were selected as the founder. ;R8. 



photoreceptor cells. Again, this indicates that relative N 
levels on adjacent cells are not critical for deciding which 
cells talce the R8 photoreceptor fate.<^^> A third test involves 
ectopic iigand expression. One might predict that elevating 
ligand expression should activate N in additional cells and 
thereby reduce neural fate specification. This has not been 
observed. Neural precursor ceils are correctly specified in 
the DrosophUa adult peripheral nervous system evenj when 
they are adjacent to certs that overexpress ligands to high 
levels (our unpublished results). Taken together, all these 
experiments indicate that relative levels of N a/id Dl ^r^ not 
ciitical in deciding the spatial pattern of neural specification 
(Fig- 3A), Rather, they suggest that cells fated to become 
neural precursor cells maintain proneural gene expression 
because N signaling does not occur despite the presence 
of N on their surfaces, and of ligand on their neighbors' 
surfaces. 

Evert when uniformly expressed, N is | 
differerttlaily active 

An alternative explanation is that another pathway is 
responsible for assigning neural cell fates, and that while 
N and Dl are required to inhibit proneural gene expression 
in non-neural ceils, N signaling aione is insufficient to do 
this (Fig, 3B). In this situation, uniform Notch signaling might 
take place but would not be sufficient to prevent neural 
specification in certain cells. The evidence described below 
refutes this model and demonstrates that N signaling cannot 
be uniformly active in normal development. 

Enough is now known about N signal transduction to 
permit experimental activation that is independent of ligand 
and to assess the level of N signaling directly in viW"^ 
(Fig. 2), Ligand binding and proteolytic cleavage rele^e the 
N intracellular domain and expression of the intra<|etlutar 
domain is sufficient to produce ligand-independent -signal 
transduction. Such artificial activation of N signaling has 
been found to prevent neural differentiation. This result 
strongiy argues that neural celts would be inhibited by N 
Signaling if they experienced it, and that in normaMevelop- 
ment N must not be actfvated in these cells.^ ' ' -i 

Other aspects of N signaling (Fig. 2) support the; same 
conclusion. Major downstream targets of N signal transduc- 
- tion are. seven bHLH proteins encoded by the E(spl| gen© 
" complex."^''^''^^ Since forced expression of E(spi) Sgenes 
prevents neural precursor ceil specification/^'^^ the im- 
plication, is that activation of the N signal transduction 
. pathway is sufficient to inhibit neural cell differentiation. 
. . Interestingly, particular E(spO bHUH genes are expre^ed in 
• ; different patterns, which suggests that N may not be the only 
signal activating transcription of these genes. 

If as these arguments suggest, N is not activated in 
certain neural precursor cells, then E{spt) genes should not 
be expressed in those cells either, and this seems to be the 



266 BioEssays 22.3 



11/21/01 17:10 FAX 212 592 7214 



NYPL EXPRESS 



1007 



Problems and paradigms 




Compromcrttary exprwv^iaA og ti 
end Dl dftftnas ncttiml An<l non^ 
neural c«l|« 





Figure 3. Three models for the specifi- 
cation of neural precursor cells. Shading 
Indicates tha level of proneural gene 
expression. A. The simplest model is 
based on studies of the C e/egan^ gonad. 
Two cells are initially equivalent and both 
express the receptor protein Notch and Its 
ligalid Delta. K levels of proneural protein 
fluctuate so as to Increase in the cell on the 
right, this cell will start to express more 
Delta and less Notch. Such feedback 
amplifies the quantitative difference be- 
tween the two cells until proneural gone 
expression is confined lo the rightmost cell, 
which becomes the neural precursor An 
attractive feature of this model is that the 
changes in Notch signaling and expression 
levels themselves select the neural ceil. 
Evidence for this comes from proneural 

Zntifa^ dTfrara^^^T^SnTdoL are indeed suffiden. to determine the chcic. o, neu^l o.l.s <« Q.antitatjva difference, fn 

acts in combination with N to Inhibit proneural gene expression and to inhibit neural cell fate. An aKernat.ve mode! (not snown) in «"\icn x 
aS n CiTu^°cen to mar«^^em unresponsive to N signaling is formally equivalent Both versions of this model are contrad.cted with 
seve al S eS^Z^^^^^^^ N signaling Is sufficient to repress neural cell fate (see text). C. A third model .s consistent with aH 
, fhe d^S-^n a^^ p^es^nt A hypothetical signal X is Shown acting on the future neural cell to block N signal transductoon rom occunng 
herfS^nSlve model (no'shown) in ^ich X instead acts on ttie non-<ieural cells to permit Dl to 

he e is formallv eouivalent This mode! does not automatically account for the spatial restriction of the Signal X 10 particular cells X may 
baTo^lordty'N^ig^ingl^^^^^ 
another pathway. 



Hypothatlcfll Factor X 
pnthwA/ act« in poi'Ailel wtth 
N to tfeflne neural and non- 
nourol callB 



. Hypoihellcar Factor X ppthway 
Xkctft en H vicpKiing ta definfl 
neural norHneuraT mUb 



case (Fig. 4C.D). In normal development E(spl) expression 
occurs in proneural regions, but it is not detected in the 
neural precursor cells themseives.^^^'=^^'^^* Thus, all of the 
available data confirms the idea that It Is the spatial pattern 
of N signaling (but not N RNA or protein levels) that 
determines neural determination. The pattern of neural 
precursor cell specification must be prefigured by an inverse 
pattern* of N signaling because only In the absence of N 
signal transduction does specification occur. Some mechan- 
ism must exist that divides the population into cells where N 
either is or is not activated, despite apparently ubiquitous 
jjgand (Fig. 3C), rather than overriding uniform N signaling 
(Fig. 3B)- 

Notch ^ifirnaling activity can be regulated 
posttranslatlonally 

Since N and DJ proteins are widely distributed, but N 
activation is restricted, it follows that there may be an 
additional condition required for N to be activated by Dl (Fig. 
3C). The idea that Di might not always be sufficient to 
activate N has a precedent from studies outside the nervous 
system, which address the role of N at the dorsoventral 
margin of the developing wing. Special marginal cells are 



defined by N signaling at the interface between dorsal and 
ventral cell populations. N signaling is restricted to this 
interface even though N and its ligands are expressed more 
widely. N signaling is restricted in part through the action of 
the dorsally-expressed FRINGE (FNG) protein, which 
promotes activation of N by DL but antagonizes activation 
of N by SER.^'^"'*'*^' This works to restrict activation of N to the 
boundary where dorsal (Serrate-expressing) and ventral (Dl- 
expressing) cells abut. Although no biochemical activity of 
FNG has yet been demonstrated, sequence features 
suggest it may encode a glycosyltransf erase, one that 
presumably modifies N-^"*^* 

Can Notch signaling also be restricted within proneural 
regions where N protein and its ligands are uniform? 
Analogous to the regulation by FNG which prevents SER 
from activating N in dorsal cells during Drosophila wing 
development, the activity of ligands, receptor, or both, must 
be regulated posttranslatlonally in the nervous system 
(Pig. 3C), The possibility that FNG itself is responsible 
has already been , ruled out for neural tissues e.g., the 
retina. ^'^^^ Some other pathway perhaps acting analo- 
gously to FNG- or perhaps through a quite distinct mechan- 
ism, must be invdlved. 
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n^ure A, N and Dl expression in the retina. Panels A and B 
show the portions of the motphogenetic furrow region from 
the eye imagina! disc (anterior to the (eft). At this stage single 
R8 photoreceptor precursors have been selected by lateral 
inhibition. Yet levels of N protein (A) and Dl protein (B) on the 
apical cell surfaces are remarkably unifornn. Dashed boxes 
approximately outline areas corresponding to proneural 
regions for each RS ceil. Panels C and D show oonfocal 
. double images of the nuclear proteins atonal (green) and 
E(spl)m5 (red) tvi^o hours apart. The nuclei of about ten cells 
are visible In each panel, corresponding approximately to the 
dashed boxes in panels A and B. In D, E(spl)m6 (red) has 
replaced atonal (green) In all celts but one. indicating N signal 
transduction in all cells but the RS precursor. Panels A, & and 
D correspond to the same Stage. Data from Refs. 32, 39. 



Different ways to initiate choice of 
neural cetisT 

Althougi^ the focus Of this reviev^r is the mechanistic question 
of what prevents N activation in neural precursor cells, 
another question concerns how these cells are chosen. The 
mechanism that has been proposed for the C, el&gans 
gonad involves complementary ligand and receptor expres- 
sion through reciprocal effects of Lin-12 signaling on Lin-ia 
and Lag-2 transcription. This feedback loop leads to a 
competition to decide cell fate.^^"*^ In neural tissues where 
N and Dl expression levels are uniform, and N and Dl 
function must be regulated posttranstationally, it is still 
possible for this to be downstream of levels of M signaling. 
Indeed, results of studies by Heitzler and Simpson^^^ on 
the small innervated bristles (microchaeate) of the thorax 
show that initial levels of N gene dose affect choice of 
neural cells. Since levels of N and Dl proteins do not 
change/^^^ Initial levels of N signaling appear to affecf the 
subsequent level of N or Dl protein function posttransla- 
tionally. By contrast, N gene dose has no affect on choice 
of R8 photoreceptor precursors in the retina. Other pathways 
might select specific neural precursor cells and impose this 
pattern on N signal transduction, e.g., through inhibition of 
N signaling in neural cells/^^^ Regardless of variation in 
the impact of initial levels of N expression on choice of 
the neural celts between tissues, uniform N and Dl 
expression during specification indicates N or Dl protein 
activity as a target of the varied tissue specific patterning 
mechanisms. 



Candidates for regulation of Notch 
signaling activity 

How may the mechanism that restricts N signaling in the 
nervous system be recognized? Since there is no evidence 
for changes in levels of N RNA or protein during neural fate 
specification, it is rea$onable to suggest that posttransla- 
tional mechanisms prevent certain cells from responding to N 
ligands. Mutants that block this protection would fail to 
specify neural precursor cells due to ubiquitous N activity. 
Because mutations in many genes might prevent neural fate 
specification for other reasons, such as mutations in 
proneural or neural precursor genes, an important additional 
criterion is that inappropriate activation of the mechanism 
should protect inappropriate cells, resulting in extra neural 
precursors. Rnally, the proteins responsible for the pattern of 
lateral inhibition should be expressed or active in a pattern 
that predicts neural fate specification, since they in fact 
define this pattern. Although it is simpler to think in terms of a 
process that protects individual cells from N signal transirfuc- 
tion, the reverse process^ one that promotes N signal 
transduction In all the other proneural cells, would fi^ the 
data equally well. 

Perhaps surprisingly^ there is no shortage of candidates to 
define the pattern of lateral specification, provided by genes 
that fulfil one or more of the criteria of requirement, 
sufficiency, and pattern of expression or activity The more 
difficult task is to decide which of these candidates actually 
define the pattern of neural specification during norma! 
development. 

The scabrous gene 

One candidate, based on ail three criteria, is the scabrous 
gene, sea encodes a secreted protein whose C-termlnat 200 
amino acids are related to the human blood clot prpjein 
fibrinogen/"*^* However, no vertebrate protein homologous to 
SCA In its entirety has yet been reported. In sea null mutants, 
neural specification is perturbed so that the position of adult 
neural precursor cells becomes aberrant. This shows that 
the sea gene product is required to protect the appropriate 
cells from lateral inhibition. The sea expression pattern is 
exactly what might be expected for a gene that defines the 
pattern of Notch signalling. At first SCA is detected in all 
proneural cells, rapidly becoming restricted to the neural 
precursor cells. This mirrors the restriction of neural 
precursor fate and is consistent with SCA playing some role 
in this restriction/^^5 When SCA is overexpressed or 
expressed ectopically, N signal transduction is suppre$- 
sed/^^'^^> Apparently, the extracellular SCA protein reduces 
the amount of N protein available for Dl or Sen It has not 
been possible to detect direct binding of SCA and N proteins 
in tissue culture systems.^^''* but there is now some evidence 
that the two proteins may interact under in vivo conditions 
(R Powell and R. Cagan. personal communication). 
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There are problems, however, with the idea that $ca alone 
is responsible for defining where inhibition mW occur. One of 
the problems concerns the mutant phenotype, Man/ neural 
precursor cells still differentiate in sea null mutants, albeit in a 
chaotic pattern. This indicates that a mechanism for 
protecting neural precursor cells remains in soa null mutants, 
although its control may be awry, and suggests that sea 
might act indirectly to provide a proper environment or 
context for another mechanism to act, or is one of many 
genes that regulate N activity in neural cells. Another 
problem is that sea mutant phenotypes suggest that sea 
activates N signaling but ectopic expression inhibits itJ-^^^ Full 
understanding of the role of scabrous in neural specification 
will require reconciliation of these facts. 

Autonomous ligand action 

A second candidate to inhibit N signaling is, paradoxically 
the same Dl protein that activates N. Ectopic expression 
experiments show that in addition to activating N signaling in 
neighboring cells, ligands exert an autocrine inhibition on N 
signaling in the same cell. This phenomenon was first 
demonstrated outside the nervous system, during inductive 
signaling by N to define the dorso-ventral margin of the 
^jj^g <39.s2) j^i^jg tissue autocrine inhibition of N signaling 
involving both Dl and Ser is important tn normal development 
to restrict N signal transduction to cells at the interface 
between dorsal and ventral cells. At this boundary paracrine 
interactions occur; elsewhere autocrine interactions sup- 
press N signal transduction.^^^^ This raises the possibility that 
whether N signal transduction occurs in any particular cell 
depends not on the presence or absence of ligands, which 
are widely distributed, but on a balance between paracrine 
activation of N signal transduction and autocrine inhibition of 
N signal transduction. 

Although paracrine/autocrine balance seems an elegant 
mechanism for allowing cells that express the same 
molecules to be in different states, there are also several 
difficulties with such a model. First, it has not been possible 
to test definitively whether ligands are required to protect 
neural precursor cells from Notch signaling. This is because 
Dl is also required to activate N, hence without Dl, N Is 
inactive and the possible mechanisms for preventing Notch 
signaling cannot be assessed- Second, as discussed above, 
N and Dl protein levels are remarkably uniform in most 
proneurai regions, so some further explanation would be 
required to explain why autocrine or paracrine interaction 
predominates in distinct cells. If another pathway is required 
to achieve this, then perhaps that pathway is the actual 
determinant of neural patterning. 

Receptor tyrosine kinase signaling 

Another gene that can antagonize N signaling is the EGF 

receptor, a receptor tyrosine kinase. Like N, the Drosophila 



EGF receptor is involved in a large number of developmental 
decisions, as well as In growth control, and the pleiotropic 
effects of loss of EGFR function has made it difficult to 
dissect out all of its roles in particular processes. 
Ectopic activaton of EGF-R during bristle specification 
appears to antagonize lateral Inhibition, resulting in extra- 
neurai precursor cells (our unpublished results). Antagonism 
between EGFR and N pathways is weli-known and may 
occur because of opposite effects of N and EGFR signaling 
on ETS-domain transcription factors. Nuclear ETS-domain 
proteins encoded by the pointed and yan genes act 
respectively as positive and negative effectors of FTTK 
signaling in several Drosophila tissues. The same proteins 
play opposite roles in N signaling; Yan seems to be an 
effector of N signaling, which is antagonized by FNT-P2, a 
protein product of the pointed gene. Thus, EGF*Fl activates 
transcription fay the PNT-P2 protein, while inhibiting the 
repressor action of VAN, which binds to similar DNA 
sequences. N signaling apparently involves the reverse.*^"^^^ 
Whether ETS-domain transcription factors are normally 
involved in lateral specification by Notch, however, is not 
yet known. 

Two recent studies provide evidence that EGF-R function 
is normally required for one example of neural specification, 
that of the R6 photoreceptor cells in the developing eye.^^*^^ > 
Surprisingly, both studies indicate a requirement for EGF-R 
to promote Inhibition, not to antagonize it. Equally surpris- 
ingly, two distinct mechanisms may be involved. It should be 
noted that there are also other interpretations of the role of 
the EGF-R during eye patterning/^^ full discussion of which 
lies outside the scope of this review 

One study used a specific mutant allele of the EGF-R 
which appears to arrest EGF-R activity at a level lower than 
that which normally occurs during eye development but it is 
not a null allele. This mutation prevents R8 specification by 
activating M signaling and E(spl) expression in all cells, 
including those which should normally become R8 precur- 
sors, hence preventing their differentiation. This suggests 
that low levels of EGF-R activity promote N signaling, a con- 
clusion supported by analysis of EGF-R null mutant cells. The 
latter show prolonged proneurai gene expression and a small 
increase in the number of R8 precursor cells specif ied-^^^' 

The other study also reported increased numbers of R8 
cells in EGF-R null mutant clones, and took the analysis 
further to identify a target gene whose expression is EGF-R 
dependent.^^^^ This target is the homeobox gen© rough. Null 
mutations in rough show similar effects on RS precursor 
specification as EGF-R null mutant cells,^^^' hence the 
ROUGH protein is required to restrict neural precursor 
selection, and is highly likely to promote N signal transduc- 
tion in some cells. 

It is intriguing tliat these two studies identified £(spl) (via 
N) and rough as tyvo distinct targets of EGF-R signaling. In 
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normal eye development E(spl) and rough expression 
correspond very closely suggesting some common regul^ 
tory control.*^^ In addition, the pattern of cells where EGF-R 
is active (measured by antibodies against phosphorylated 
MAPKinase) is very similar to the pattern of cells where Nte 
active (measured by antibodies against E(spl) proteins. 
Rough, however, is required for inhibition of only a few cells, 
whereas E(spl) is required to prevent a ten-fold increase in 
R8 cell specification/^^ It will be interesting to determine 
how expression of E(spl) genes integrates other factora in 
addition to N signaling, such as EGFR signaling and 
homeobox geneS- Distinct expression patterns of the E(spl) 
bHLH genes further suggest that factors besides N must 
be rmportant. In addition, ROUGH protein might inhibit pro- 
neural gene expression independently of E(spl), by some 
unknown mechanism. 

A different link between receptor tyrosine kinases and 
neural precursor selection has been suggested for vertebrate 
ceils. The PC12 cell line undergoes neural differentiation in 
response to NGR NQF Interacts with tyrosirie kinase 
receptors to activate Protein kinase C. which results in 
phosphorylation and inacttvatlon of endogenous HES-1 
protein. In the absence of NGF, HES-1 normally prevents 
spontaneous neura! differentiation by PC12 cells/^^* Protein 
kinase C can be activated by other receptor tyrosine kinases 
and in principte this provides a mechanism by which receptor 
tyrosine kinase signaling in neural territories might block 
function of HES-1 -like proteins, rendering N signaling 
ineffective and permitting neural fate specification in parti- 
cular cells. Posttranslational regulation of E(spl) proteins in 
Drosophila, however, has yet to be reported. 

Proneural cofactors 

The idea of cofactors that might provide spatial specificity is 
not restricted to E(spl) and ROUGH. There is also evidence 
for cofactors in proneural gene autoregulation. Proneural 
gene expression begins in response to diverse signals, 
probably distinct for each region of the nervous system, 
collectively called "prepatterns'\^^^"^^^ Prepatterns ere 
usually transient, and replaced in each part of the nervous 
system by autoregulatory proneural gene expression, 
N mainly acts by blocking proneural gene autoregulation. 
and has less effect on prepatterns/=^-^'-^^ Recent studies 
suggest that proneural gene autoregulation may not 
simply reflect activation of proneural gene promoters by 
proneural protein binding, but must depend on other proteins 
as well.- 

One study identified an autoregulatory enhancer element 
for the proneural gene 5<?t/re^^''> The element not only 
contains potential SC protein binding sites, but also another 
conserved sequence predicted to bind an unidentified NF-kB 
class protein. If spatially restricted, such a cbfactor might 
give particular cells advantages in withstanding N signaling. 



Study of a second proneural gene, atonal, leads to a similar 
conclusion.*^®' The ato gene has two separate autoregula- 
tory enhancer elements, each sufficient for autoregulation in 
distinct subsets of the tissues where ato functions. Since 
neither enhancer works in all tissues expressing ato. ATO 
protein alone cannot be sufficient to activate in any tissue; at 
least two distinct essential cofactors must exist, one for each 
enhancer. 

At present, none of these putative autoregulatory cofac- 
tors has been identified, in the case of certain embryonic 
neuroblasts, a homeodomain protein encoded by the vnd 
gene appears to promote proneural bHLH gene expression 
in future neural precursor cells. This occurs independently of 
proneural autoregulation, however, because a vnd promoter 
element is active in certain neural precursor cells even in 
embryos deleted for the AS-C.<^^* Another protein that is 
known to promote neural cell specification is the product of 
the Bearded gene.^"^^ Srd encodes a novel protein and it is 
not known whether it acts as a transcription factor, or whether 
it promotes neural cell specification through proneural genes 
or independently of them. Nut! alleles of Brd haVe no 
phenotype and the gene may be redundant, possibly with 
the E(spl) genes m4 and ma. non-bHLH genes with which 
Br£^ shares sequence similarity/^^* The expression pattern ot .. 
these genes is not known with sufficient precision, however, 
to say whether they might be responsible for defining the 
cells that will escape Inhibition, and if so what signals would 
be responsible for establishing this pattern. 

Multiple forms of Notch and Delta 
There is increasing evidence that several forms of N and Dl 
might exist in vivo. In the case of N. proteolysis of the 
extracellular domain occurs in the trans-Gotgi during synth- 
esis, so that the mature protein contains the two associated 
proteolytic fragments.<^^> This cleavage event may be 
mediated by a furin-type convertase/^^* Regulation of this 
cleavage process could, in turn, regulate N activity in neural 
cells, although there is no experimental evidence for this at 
present- There is. however, some recent evidence that 
other different proteolytic forms of N might be present in 
vivo and that these might differ functionally from one 
another.^^®> Proteolysis of Di has also been reported, 
resulting in a secreted form of the Dl extracellular domain 
as well as the familiar transmembrane-tethered protein.*^^ 
The metalloprotease encoded by the kuzbanian gene is 
required but the functional consequences of Dl cleavage 
are not yet fully known/^> Clearly, such modifications 
might lead to forms ot N or Dl that prevent signaling in 
particular cells. For example, it has been suggested 
that dimerl2ation is important for signaling by N proteins/^® 
If this is correct, then modifications that prevent dimer 
formation could render particular cells unable to respond to 
ligands. 
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intracdlulstr components of the Notch pathway 
A nuS of gene^ have been described whose produc^ 
SndTe intracallular domain of N. and whose mutations or 
mrexDmssion alter the effectiveness of N signal transduc^ 
S 'Tht: include d/s/,..a/,ed. de.ax.^and N^^'Jj; J- 
Drosophila and amb-S from C. elegans. and t}d3 from 
?™ cSs<«'^' in addition, the Hairless protein binds to 
S™anTinhibits DNA binding Any one^Mhese 
proie ns might be important in the regulation of N a«^rty_ "^e 
critical question Is whether the activities of any of these 
p Sns is regulated so as to result in different levels of N 
SSl transduction in different cells. The alterna^ .s th J 
many of these proteins only define a uniform cellular context 
^wS. N acts in all cells, without contributing to differences 
between them. 

The wingless gene . 
Another: secreted protein whose genetic intera^.ons with N 
merit attention is the one encoded by wingles^^^'' ] In some 
tissues, activation of WG signaling by overexpression of the 
intracellular protein dishevelled can pr^ote " eurogeneS|S^ 
apparently by inhibiting N signaling/«=' it is not known 
whether WG signaling does this during neurogenesis in wild- 
type but this remains an Interesting possibility. Certain 
sensory bristles are known to require WG, but at an earlier 
stage, prior to N function.<^'^°' 

Conclusions 

In this article. I have reviewed experimental evidence that 
activity of the N signaling pathway is posttranslationaily 
regulated during neurogenesis in Drosophila and that, 
whatever the mechanism is. its spatial regulation must be a 
major factor in determining the pattern of neurogenesis. 
Posttranslational regulation of N signaling by the putattve 
glycosyltransferase FNG proteins is already known from 
studies Of other tissues, although not from the Drosophila 
nervous system. As components of the N signaling pathway 
are conserved in other organisms, it seems possible that the 
hypothesized posttranslational regulation of N signaling 
might also be conserved. 

Interestingly, N would not be the first signaling pathway in 
Drosophila to be controlled by other components. Cell fate 
specification by the EGF receptor often depends on the 
TGF-a-like ligaQd Spitz, and since spitz and EGFR genes 
are widely expressed, patterning is achieved by restncted 
expression of proteins such as rhomboid, which are some- 
how required for ligand processing.'''^* 

Whereas genetic studies readily identified rhomboid as a 
gene required for spitz function and so led to identification of 
its role as a specificity factor in EGFR signaling, genetic 
studies heve not yet ciearly pointed to the mechenism by 
which neural precursor cells avoid N signaling in response to 



the Dl protein to which they seem to be exposed. InJ^f^- ^ 
mfmber of genes have been found that possess some 
n^oCrt es consistent with a role in this process, and rt js 
nr^seX unclear which if any of them are actually 
KoSle possibly some previo^ly ^Jj^^J 
^Le neurogenic mutant phenotype has been obscured 
bvrmrternal effect, is responsible. It also seems possible 
S^fseSal pathways collectively contribute to the selecton 

dkrencas'ln proneural protein ^--f-J^^X'^l^'mZ 
quences of the stiochiometric ratios between N and Dl in 
J^oneural cells, and of the activity of other Pathways such as 
Leptor tyrosine kinases and SCA together lead to ^a 
situation in which N signal transduction remains insignificant 
in particular cells within proneural clusters, "/^"^^ins to be 
seen whether these pathways collectively control the pattern 
of Notch signaling, or are less significant than novel 
mechanisms yet to be discovered. Until these questions 
are resolved, geneticists remain unable to say what causes 
certain proneural cells to undergo neural specification and 
others to be inhibited. 
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